The Zygosaccharomyces rouxii plasmid pSB3 is one of the yeast plasmids resembling 2-/im DNA. The presence of a t/s-acting locus needed for stable maintenance of pSB3has been expected by analogy with the functions encoded by other yeast plasmids such as 2-/im DNAand pSRl. We found such a locus and designated it STB-SB3. The STB-SB3locus was delimited within 371 bp in a unique region of pSB3. This region is included in the plasmid region where no transcript was detected. Noprominent feature of the nucleotide sequence was found in this region except for a direct repeat with 65%homologyconsisting of 27bp and 29bp. This is in clear contrast with the structure of the STBlocus of 2-//m DNAwhich has five and a half tandem repeats consisting of a highly homologous 62 bp sequence. By analyzing the sites hypersensitive to nucleases using partially purified nuclei containing pSB3, the STB-SB3locus was found not to be tightly folded into a nucleosome structure.
model system for analysing replication, regulation of gene expression, site-specific recombination, and partitioning mechanism.X) Doublestranded circular DNAplasmids resembling 2-/mi DNAof yeast, collectively called 2-jtrni DNA-like plasmids, have several features in common; (i) their size is around 6kb, (ii) they have a pair of inverted repeats (IRs), and (iii) they have three to four trans-acting genes, one of which is always a gene encoding a site-specific recombinase (FLP).
About fifty copies of 2-/mi DNAreside in a haploid nucleus, each of which is organized into a nucleosome structure2'3) and is replicated by the same machinery used by the chromosome.4) Although the replication of2-/im DNA 2239 is activated only once in the cell cycle,5) the high copy number of 2-/urn DNAis maintained by a copy amplifying mechanism.6'7* Thus, 2-fim DNA is protected from accidental reduction of its copy number during cell division.
Plasmid-encoded functions have been most extensively studied with 2-fim DNAof S. cerevisiae. The 2-jjm DNAcontains 4 transacting genes, A (FLP), B (REP1\ C (REP2), and D.8~10) It has two eft-acting sites, ORI for the replication origin1 1} and STB (or REP3) for stable maintenance of the plasmid.12) The FLP gene encodes a site-specific recombinase (FLP enzyme), the recognition sequence of which (FRT) lies within the IRs as a short inverted repeat consisting of 13 bp.13~15) Both REP1 and REP2 gene products, along with STB, are needed for stable maintenance of 2-jnm DNA.12) Som et al.16) found that expression of the plasmid genes are autoregulated and that the regulatory circuit is essential to maintain an appropriate copy extract, and 0.5% NaCl or nutrient broth (Difco) was used for cultivation of E. coll. Amino acids (20/ig/ml), tetracycline (10^g/ml), and sodium ampicillin (50 /ig/ml) were added as appropriate. Solid media were prepared by adding 2% agar.
Transformation. Transformation of E. coli was done as described.28) Transformation of Z. rouxii was done as described by Ushio et al.24) Scoring stability of plasmids. Freshly isolated Leu+ transformants were grown in YEPDN to the middle log phase (about 48hr at 28°C) with shaking. Appropriate dilutions were spread on a YEPDN plate and colonies arising were replica-plated onto SDNto score the number of prototrophic colonies. Thestability was expressed as the percentage of prototrophs. All experiments were done with at least three independent transformants. DNAmanipulation. Construction of plasmids, DNA preparation, and enzyme reactions were done as described28) or as recommended by the manufacturers.
Isolation of nuclei and preparation of nuclear extract. Nuclei of ME3 (pSB3) grown in 1.51 of YEPDN were isolated by the method of Kamimura et al.29) Nuclotide sequencing. The DNA segments to be sequenced were subcloned into M13mpl8or M13mpl9.3O) Sequencing was done by the dideoxy-chain termination method.3 1)
Results
Rationaleforfinding a cis-acting locus needed for stable maintenance ofpSB3 In the case of2-//m DNA, it has been shown that two plasmid-encoded proteins (REP1 and REP2) and a site on the plasmid (STB) are necessary for an effective partitioning of replicated plasmid DNAs during cell division.12) We showed that two pSB3-encoded genes, B and C, participate in the stable maintenance of pSB3.21) By analogy with the 2-/im DNA,we predicted the presence of a region, like STB of 2-jim DNA, on pSB3 and we designated such a region STB-SB3. The STB-SB3region can be defined as a locus that makes the plasmid stable in the presence of the B and C gene products. The STBregion of 2-jum DNAcontains five and a half tandem repeats consisting of 62bp. This region is transcriptionally silent.32) The Z region of pSRl, having a function analogous to that of STB, is also an untranscribed region (cited in Jearnpipatkul et al.23) ). We showed that the 594 bp Xhol (5022)-///mIIII (5616) region on a small unique region ( Fig. 1) was not transcribed33) and we presumed that this region is, at least, a part of the STB-SB3locus.
Delimitation of the STB-SB3 locus Two pSB3 derivatives, pTI7 and pTI25, were used for further analysis of the location of the STB-SB3 site. Both plasmids retain the STB-SB3 function (data not shown). The A ORFwas interrupted in pTI7 at the Stul site. The insertion removed 102 amino acid residues from the C-terminus of the putative A protein, but the FLP function still remained (data not shown).
pTI7 was linearized at the Xhol site and a series of deletions was generated by nuclease digestion. Xhol linkers were added to the deletion plasmid DNAs,which were then recircularized by T4 DNAligase. Each plasmid DNAwas recovered from a E. coli transformant and the deletion end point of some of them was located by sequencing. The stability of each plasmid was measured by introducing it into ME3 and ME3 (pSB3) (Fig. 2A) . Since plasmids thus obtained had a deletion extending into the B gene, they were not stable (A): Deletion progressing toward the left end. pTI7 linearized at the Xhol site was partially digested with Bal-31, rendered blunt, and then recircularized with the Xhol linkers by T4-DNAligase. The end point of each deletion was found by sequencing. Numbers indicate the coordinate of the pSB3sequence. Each plasmid was introduced into ME3and ME3(pSB3) and the stability of the plasmid was tested as described under Materials and Methods. (B) : Deletion toward the right end. pTI25 was linearized at the Stul site and a series of deletions was generated as described above. The size of a deletion was estimated by agarose gel electrophoresis in cases of pTI26, pTI28, and pTI30. The end point of the deletion in pTI33 and pTI35 was found by sequencing. pTI^2 had lost the Xhol-Stul region. We did not determine the deletion end points of pTI32. The stability of each plasmid was tested as described above. Av, Aval; Ba, Banll; H, Hindlll; St, Stul; X, Xhol. in ME3. Plasmids containing a deletion extending up to 5958 (pTI21) were stable in the ME3 (pSB3) host. Although pTI20, pTI22, and pTI21 lost the Xhol-Hindlll region that was supposed to contain STB-SB3,they were still as stable as the parental plasmid. Whena deletion is extending further and beyond the putative FRT site, the plsmid became unstable as seen with pTI23.
pTI25 was linearized at the Stul site. A series of deletion plasmids were obtained as described above. Each plasmid was introduced into ME3 and ME3(pSB3) to evaluate its stability (Fig.  2B ). The deletions up to 5730 (pTI33), in which one of the IRs was removed, were still stable in ME3 (pSB3), but the deletions extending beyond the Xhol site (5022) (pTI32) were not stable in either host. Apparently a plasmid retaining either the FRTsite or the Xhol(5022)-Hindlll(56l6) region seems to be stable in the ME3 (pSB3) host. However, the FRT site alone did not stabilize a plasmid even in ME3 (pSB3) (data not shown). The region from EcoRl site (2518) to the Banll site (5937) of pSB3 is shown. Some of the restriction sites used as landmarks are shown with the map coordinate of pSB3. pTI63 was constructed by ligating the larger Xhol-Bglll fragment obtained from pTI20 and the smaller Xhol-Bglll fragment from pTI7, pTI64, pTI68, and pTI69 were constructed similarly except that the larger Xhol-Bglll fragment was obtained from pTI21, pTI12, and pTI15 the end point of which is 5246 (not shown in Fig. 1 ), respectively. pAT314 was described previously.33) pTI75 was constructed through several steps of insertion and substitution and its net result is an insertion of the Hindlll (5616) -Xhol (5246) region obtained from pTI69 into pTA314. Each plasmid was introduced into ME3 or ME3 (pSB3) to examine its stability. Ba, Banll; E, EcoRl; H, Hindlll; N, Nrul; P, Pstl; X, Xhol. necessary for such structural rearrangement.
The segment Hindlll (5616)-Xhol (5246) of pTI69 stabilized pAT314 (see pTI175), which alone was not maintained stably in either ME3 or ME3(pSB3) (data not shown), with the coexistence of pSB3. Therefore, we concluded that the STB function of pSB3 resides within the 371 bp region (5246-5616).
Mappingof sites hypersensitive to nuclease on pSB3 To examine whether the STB-SB3 locus has a structural characteristic distinct from the other part of the plasmid, we mappedthe sites hypersensitive to nucleases on pSB3. A nuclear extract was prepared from ME3(pSB3) by the method described by Kamimuraet al.29) and treated with the indicated nuclease. After deproteinization, each sample was digested with BgUI, which cuts at a unique position on Fig. 4 . Mapping of Sites Hypersensitive to Nucleases. Nuclear extract was prepared from ME3(pSB3) as described.29* Nuclear extract (80fig protein, 3.3 ng pSB3 DNA)was incubated in a 20fi\ of reaction mixture under the indicated conditions, deproteinized, digested with Bglll, and the resulting DNAfragments were separated by 1.5% agarose gel electrophoresis. Purified pTI9 DNA(ll.2ng) was also treated similarly. Each gel was processed for Southern analysis. Sizes of the DNAfragments were estimated by comparing the mobility of each fragment with that of Hindlll fragments of lambda DNA. pSB3. The resulting fragments were separated by 1.5% agarose gel electrophoresis and blotted for Southern analysis. The Bglll-Xbal fragment ( Fig. 1 ) was labeled with 32P by the multiprime method34) and used as a probe. The chromatin structure of pSB3 was characterized by its sensitivity to DNasel or Hindlll. The sensitivity to nucleases indicates that the sequence has a structure accessible to the enzyme, and probably is not folded into a nucleosome structure. Figure 4A shows the result of the end-labeling pattern when the nuclear extract was incubated without enzyme. Faint bands can be seen at the positions within the IRs. The hybridization intensity of these bands were not increased by a longer incubation (data not shown). Figure 4B shows the end-labelling patterns of the nuclear fraction containing pSB3 digested with DNasel. Whenthe hybridization pattern of the nucelar fraction was compared with that of naked DNA, the sensitive sites were located around the Xhol site (5022), the Hindlll site (5616), and the internal region of the IRs. The sites sensitive to Hindlll were also mappedon the pSB3sequence. The nuclear fraction was digested with Hindlll and then processed as mentioned above. The end-labelling patterns of Hindlll digestion show that the Hindlll site at 5616 is more sensitive than other Hindlll sites such as at 4805 (Fig. 4C) when it coexits with pSB3. By this test, we found that either one of two loci, the 5246-5616 region or the FRT site stabilized the plasmid (Fig. 2) . We found later that the former region contains the STB-SB3 site. Figure 5 shows the nucleotide sequence encompassing this region,
where there is no prominent sequence feature; 7 palindromic sequences (six consisting of 8 bp and one consisting of 10 bp) and a direct repeat (65% homology) consisting of 27 and 29bp. Another Z. rouxii plasmid pSRl contains a as-acting locus for its stable maintenance, which is designated the Z region (383 bp). The Z region contains short inverted repeats and direct repeats with low homology.23) None of which shows homology with the nucleotide sequence of STB-SB3. These are in clear contrast to the STB of 2-fim DNA, in which five and a half tandem repeats of highly homologous 62 nucleotides are present. However, it is still possible that a tandem repeat with a weak homology found in STB-SB3and the Z locus ofpSRl may function in the stable maintenance of each plasmid. STB of 2-/mi DNAand the Z locus ofpSRl are believed to bind the protein encoded by the respective plasmid, however, a protein which binds to the STB-SB3 remains to be detected. The high copy number of 2-/mi DNA(about 50 copies per haploid genome), along with the mechanismof copy control, guarantees essentially complete stability if it segregates randomly. However, segregation of 2-fim DNAwithout a partitioning mechanism is strongly biased so that a daughter cell has a poorer chance to receive a single copy of the plasmid.35) The stabilization system of 2-//m DNAconsists of the STB locus, and the REP1 and REP2 genes, which apparently facilitate the distribution of 2-//m DNAto the daughter cells. Then, how does the partitioning system work? One possibility is that the system makes replicated 2-jnm DNAsequestered somewhere in the nucleus free and makes 2-fim DNAsegregation close to random. Another possibility is that the STB locus binds to some component in the nucleus thereby distributing 2-/xm DNAinto the daughter cells during nuclear division. In this context, it should be emphasized that there are reports that claim that 2-/im DNAis associated with the chromosome36)or nuclear structures.37) However, since cir+ S. cerevisiae strain loses 2-/zm DNAat the rate of 10"4,38) the partitioning system of 2-jnm DNAis not as efficient as randomsegregation.
It has been shown that the REP1 protein, a stoichiometric amount of which is required for this stable maintenance of 10) resides in the nucelar matrix.39) Furthermore, Veit and Fangman40) showed that the REP1 protein affects the nucleosome structure of 2-fim DNAat the STB site. These observations are favorable to the second possibility of the function of the partitioning mechanismof2-fim DNAdescribed above. Mispartitioning can be explained by detachment of plasmid molecules from the REP1 protein-plasmid complexes due to the weak association between them. The following evidence suggests the fragile complex betweenthe REP1 protein and the STB: in crude preparations of nuclei, the REP1 protein binds to the STB region40) thereby protecting the STBregion from nuclease attack but when 2-jurn DNAchromatin was once purified, the REP1 protein detached and the STB locus is exposed to nuclease action.41) A similar picture can be drawn in case of 2-/mi DNA-like plasmids. The STB-SB3 region of pSB3 was found to be more sensitive to nuclease attack than other regions of the plasmid when nuclease sensitive site was mapped using a partially purified nucelar extract containing pSB3. The result suggests that the STB-SB3 region is not folded into a tight nucleosome structure. This structure may afford a site of interaction with a trans-dicXmg stability factor in vivo.
